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ABSTRACT
Coderre, Peter E . , M.S., December, 1981, Microbiology
The Isolation and Characterization of Cardiolipin Synthetase from
Bacillus stearothermophilus. (68 pp.)
Director, Dr. George L. Card
Cardiolipin synthetase activity of Bacillus stearothermophilus has been
characterized in two membrane preparations: 1 .) a washed membrane prep
aration in which about 30% of the total membrane protein was removed and
2.) a Triton X-lOO-extracted membrane preparation in which 66% of the
total membrane protein had been removed. Enzymatic activity was recovered
in the particulate fractions of all fractionation steps; no enzymatic
activity was recovered in any of the supernatant fluids after centrifuga
tion at 150,000 X g for 60 minutes. Cardiolipin synthetase activity was
assayed by the conversion of endogenous
labeled phosphatidylglycerol
to [32pJ labeled cardiolipin in washed membranes prepared from cells
grown in a trypticase yeast extract medium containing H3 32po^, Card
iolipin synthetase activity of the washed membrane preparations showed an
optimal pH and temperature of 5.5 and 55°C respectively. No stimulation
by divalent cations or inhibition by EDTA was observed. Enzymatic activ
ity was reduced by 80% at concentrations of Triton X-100 equal to or
above 0.15% in the enzyme assay mixture. A rapid assay procedure was de
veloped in which cardiolipin synthetase activity was monitored by the
release of
^H-J glycerol. By using a mixture of purified phosphatidyl
glycerol labeled with tp^Pl and f2-^H-^ glycerol, it was shown that one
molecule of glycerol was released for every molecule of cardiolipin
formed. Attempts to solubilize cardiolipin synthetase with detergents
such as octyl glucoside, sodium cholate, zwittergent 3-14, and Triton X100 were unsuccessful. However, sequential extractions of washed mem
branes with 0.05% and 0.10% Triton X-100 yielded an enzyme preparation
that contained 34% of the original total membrane protein and showed a
1.22 fold increase in specific activity. The characteristics of the
Triton X-lOO-extracted membrane preparation were different than the
washed membrane preparation. Enzymatic activity from the detergent ex
tracted membranes had an optimal pH of 6.0, a temperature optimum of
60®C, and was stimulated by divalent cations. This enzyme preparation
had a Kjm = 6.67 X 10"4 n. The enzyme was inhibited by the addition of
cardiolipin and stimulated in the presence of total phospholipid from
Bacillus stearothermophilus. Inability to solubilize the enzyme with any
of the detergents previously mentioned and enz^mie stimulation in the
presence of total phospholipid suggested a requirement for specific
phospholipids for enzymatic activity. Disruption of the protein-lipld
interactions may account for the inability to purify cardiolipin syn
thetase to date.

ii
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Chapter I.
Introduction

One of the most significant contributions to molecular biology in
the last 15 years has been the Fluid Mosaic model of membrane structure
proposed by Singer and Nicolson in 1972.

The model proposes that all

membranes are a dynamic, yet thermodynamically stable fluid bilayer com
posed of lipids and proteins (93).■ According to the Trauble and Overath
version (98), 80% of this lipid constitutes the bilayer while the remain
ing 20% is closely associated with integral membrane proteins.
protein can be divided into two categories:

Membrane

peripheral and integral.

Peripheral .(also called extrinsic) proteins are easily dissociated
from the membrane by treatments with chelating agents or by increasing the
ionic strength of the immediate environment.

These proteins are usually

devoid of lipid and are soluble in aqueous buffers.

The various charact

eristics of peripheral proteins infer that they are attached to the mem
brane by weak noncovalent bonds (perhaps electrostatic interactions).
More often than not, they are attached to the membrane via association
with integral membrane proteins (9 3 ).
Integral (also called intrinsic) proteins require harsh treatment,
to be dissociated from the membrane.

This is achieved by the use of de

tergents or surfactants, protein dénaturants, or organic solvents.

Lipid

is often tenaciously bound to the protein; this lipid contributes to the
protein's stability.

This is evident by the insolubility of these pro

teins in aqueous buffers upon removal of the lipid (78).

Integral pro

teins comprise 70% of the total membrane protein of Escherichia coli
and are assumeo to be important for maintenance of the structural inte-
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integrity of the membrane (93).
The other major component of membranes is the lipid matrix.

In

bacteria, this matrix consists of several different types of phospho
lipids.

Each individual phospholipid molecule is amphipathic in

nature, consisting of two distinct parts, the polar head group and
the hydrophobic fatty acid chains.

Individual phospholipid molecules

can differ from one another both in the structures of their fatty acids
and in the structures of their polar head groups.
The importance of the fatty acid composition (the hydrophobic por
tion of the phospholipid molecule) in determining the physical proper
ties of the membrane is well established (see ref. 22 for a review).
The relative concentrations of straight chain saturated and unsaturated
fatty acids and branched chain fatty acids change in response to changes
in the growth temperature.

The changes in fatty acid composition are

correlated with changes in the phase transition temperature of the mem
brane,

It therefore appears that the major function of the non-polar

(i.e. fatty acid) component of the phospholipid molecule is to regulate
membrane fluidity.
At present, it is unclear why membranes contain several different
polar head groups in phospholipids.

As pointed out by Cronan (22), if

the primary function of the phospholipid component is to form a bilayer
with appropriate physical properties, it is not clear why several differ
ent tjTDes of phospholipid (i.e. in terms

of the polar groups) would be

formed and why these are maintained at relatively constant concentrations
under steady-state growth conditions.

Likewise, the structural role

offers no explanation for the turnover of a portion of the phospholipid
pool.
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3
Through the study of phospholipid synthesis, insight may be
gained towards the understanding of the function and assembly of the
polar head groups.

Most of the work done on phospholipid synthesis

has been with Escherichia coli.

With minor modifications, the scheme

constructed by Kennedy can be applied to most bacteria including
Bacillus stearothermophilus (see figure 1).
The precursors for phospholipid synthesis include the fatty acids,
sn»glycero-3-phosphate, L-serine, and cytidine-5'-triphosphate (CTP),
Water soluble enzymes are involved in the synthesis of fatty acids
(9,10ii)*

A double bond is formed at the

acid by a particular
(9,23»10ii).

position of the fatty

^-hydroxydecanol acyl carrier protein hydrase

This enzyme is positioned at a metabolic point of diver

gence in which either palmitic acid (16:0) or palmitoleic acid and cis
vaccenic acid (18:1) are formed.

Another major precursor is sn-glycero-

3-phosphate which is formed from dihydroxyacetone phosphate.

This reaction

is catalyzed by a specific dehydrogenase which uses the reduced form of
either nicotinamide adenine dinucleotide (NADK) or nicotinamide adenine
dinucleotide phosphate (NADPK) (59).
All the enzymes of phospholipid synthesis occur on the inner mem
brane (8,107) with the exception of phosphatidylserine synthetase which
is associated with the ribosomes (29,7L).

In the initial step, sn-

glycero-3-phosphate is acylated in the first position with a saturated
fatty acid by an acyl transferase which preferentially utilizes palmitoyl coenzyme A, but if presented with sufficient substrate, it can
utilize unsaturated fatty acids (67,66,101).

Acylation of the second

position occurs by a different acyl transferase (7) which preferentially
utilizes unsaturated fatty acyl coenz^me A (67,66) to form phosphatidic
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ü
acid.

The sequential acylation of sn-glycero-3-phosphate is believed

to provide a logical mechanisTn for regulation of fatty acid composition
(92).
The first acyl transferase has been partially purified using an
extraction procedure with Triton X-100,

The enzyme is not active in

the presence of non-ionic detergents such as Triton X-100 (I8,ii7).
But, activity can be recovered if the detergent is diluted with Escher
ichia coli phospholipids (9U).

Sucrose gradient analysis indicated

that a large amount of lipid was bound to this enzyme (9&).
acyltransferase has not been purified to date.

The second

Once both of these

enzymes are available in a homogenous form, their properties may provide
valuable insight into the metabolic control of phospholipid synthesis
since these enzymes are located at a metabolic branch point.
The product

of these sequential acylations, phosphatidic acid,

reacts with CTP or deoxyCTP to form CDP-diglyceride, a liponucleotide
derivative (17).

The enzyme responsible is CLP-diglyceride synthetase,

which is present in all bacteria (8,17,63,70,107).
membrane (8,107).

It is located in the

It has been extracted with digitonin

anti

can be further

purified with a diethylaminoethly-cellulose column in the presence of
digitonln(73).

The enzyne from Escherichia coli does not require lipids

for optimal activity.

In contrast to the other enzymes of phospholipid

metabolism, CDP-diglyceride synthetase requires phosphatidic acid esterfied with unsaturated fatty acids and the enzyme does no-c utilize dipalmitoyl phosphatidic acid (8).

Divalent cations and potassium ions are

required for maximal.activity (8),

Both phosphatidic acid and liponucle-

otides are metabolized rapidly with the former present in a 10-fold excess
over the latter (76),
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this point, CDP-diglyceride can be converted to one of two

different phosphodiester products.

The phosphatidyl moiety can be

donated to either the hydroxyl group at position 1 of sn-glycero3-phosphate (to form phosphatidylglycerophosphate) (18,52) or to Lserine to form phosphatidylserine (Ii9).

Regulation of the phosphati

dylserine to phosphatidylglycerophosphate ratio is believed to occur
at this branch site.l
The first alternative of CDP-diglyceride metabolism involves the
formation of phosphatidylserine from CDP-diglyceride and L-serine by
phosphatidylserine synthetase (U9).

This enzyme is the only enzyme of

the phospholipid pathway not located within the membrane.

It is found

tightly bound to ribosomes with 10-30% located in the cytosol (75).

It

is found to be associated with both subunits (7U) and can be extracted
by aqueous polymer partitioning in the presence of 5 M NaCl with sub
sequent absorption (5h,76), and substrate specific elution with CDPdiglyceride from phosphocellulose (5li).

Low concentrations of Triton

X-100 enhance the rate of reaction, but concentrations greater than 0,2%
are inhibitory (L?,S5,76).

Interaction of mixed micelles of Triton X-100

and CDP-diglyceride with the enzyme has been proposed (55).

It is unknown

whether this represents an effect on the enzyme structure or an inter
action with the enzyme.

Since a biological substitute has yet to be

found for Triton X-100, this is a difficult hypothesis to support.
Phosphatidylserine is present in low concentrations in Escherichia
coli and it is rapidly decarboxylated to a more stable phospholipid,
phosphatidylethanolamine (ii9,7W »j The enzyme responsible for this, phos
phatidylserine decarboxylase, has been extracted from membranes with
Triton X-100 and purified to homogeneity by a combination of ion-exchange
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chromatography, gel filtration, and density gradient centrifugation
(28).

To prevent aggregation of the enzyme, Triton X-100 must be in

cluded in all steps of the purification procedure (26).

The enzyme

is inhibited by hydroxylamine indicating an essential ketone or alde
hyde group at the active site (28,71,8 7 ); specifically, pyruvate was
found to be a bound cofactor (8 7 ), suggesting post-translational mod
ification of the enzyme.

The presence of pyruvate as a cofactor is

not unusual and has been found to be a cofactor for a variety of decar
boxylases (79).

The enzyme does not require divalent cation and requires

Triton X-100 in the homogeneous state (28).

The enzyme does not fuse

with phosphatidylserine' liposomes or intact membranes of erthrocytes
unless detergent is present (10$).

Alteration of buoyant density in su

crose density gradients of enzyme with bound Triton X-100 compared to
soluble proteins of similar size suggests that Triton X-100 has a direct
effect on the enzyme rather than affecting the substrate.

The enzyme

is inhibited by high concentrations of Triton X-100 (28) possibly due to
dilution of the substrate in mixed micelles (10$,106),
frhe second alternative of CDP-diglyceride metabolism is the form
ation of phosphatidylglycerophosphate by phosphatidylglycerophosphate
synthetase.

This enzyme attaches CDP-diglyceride or dCDP-diglyceride

to the hydroxyl group at position 1 of sn-glycero-3-phosphate (18,LO,
It9,7li).

Similar to the synthesis of phosphatidylserine, the enzymatic

reaction releases CMP (18,hi).

To date, all procaryotes and eucaryotes

examined have been found to possess ohcsphatidylglycerophosphate synthe
tase (I8,19,3l,$0,$h,70).

The enzyme has been extracted from Escherichia
_____________

coli membranes and purified to homogeneity (18,hi).

It appeared that

the enzyme bound a large amount of detergent (hi) and is stimulated by
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Triton X-1C0 and Mg**(l8,ai).
'phosphatidylglycerophosphate is a short lived intermediate in
the phospholipid biosynthetic pathway.

It is rapidly dephosphorylated

by phosphatidylglycerophosphate phosphatase to yield phosphatidylgly
cerol (PG) (19).

Very little is known about this enzyme, probably due

to the rapid turnover of the substrate .J Like most phospholipid bio
synthetic enzymes, it requires Kg** and Triton X-100 for activity (19).
However, the phosphatase has not been localized within the membrane nor
has it been purified to homogeneity (19).
Recently, Nishijima et al. (63) have discovered another possible
route for phosphatidylglycerophosphatej

They constructed two mutants

of which the first (pgs A'rL!;) had a partially inactivated phosphatidyl
glycerophosphate synthetase.

It synthesized two-thirds of the normal

level of phosphatidylglycerol but was not temperature sensitive.

The

second lesion, pgs Gl, caused temperature sensitive growth and normal
phosphatidylglycerol synthesis in strains with the pgs AltiiU lesion.
These two lesions were found to be separate yet they interacted with
one another.

Together these lesions caused cessation of growth, decreased

phosphatidylglycerol synthesis, and accumulation of a 'lipid Y' at nonpermissive temperatures.

The pgs B1 mutant by itself induced an accumu

lation of a 'lipid X', which consisted of a diphosphorylated, glucosa
mine-containing disaccharide.

The structure was derivatized with two

amide-linked and two ester-linked 3-decxyoctulosonic acids (KDO) (63).
It is believed that 'lipid X' is a precursor of the lipid A of lipcpolysaccharide (LFS).

'Lipid Y' has been shown to be structurally sim

ilar to 'lipid X' except that 'lipid Y* has one mole extra of palmitic
acid.

It is suggested (65) that 'lipid Y' may be synthesized from
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•lipid X* via an acylation reaction, which is stimulated by a decreased
synthesis of phosphatidylglycerol.
^ThT subsequent metabolism of phosphatidylglycerol (PG) remains
the most evasive yet most intriguing event in the phospholipid bio
synthetic pathway .J Some of the confusion is well illustrated by the
early work of Stanacev et al. (9S) who suggested that both phosphatidyl
glycerol and CDP-diglyceride were needej to form cardiolipin.
(1 ) phosphatidylglycerol + CDP-diglyceride
--------------- >

cardiolipin + CMP

Evidence for this reaction came from studies which showed that radio
active phosphatidylglycerol was converted to cardiolipin and that CDPdiglyceride stimulated the reaction three-fold (ii2,95).

However, further

studies were quite contradictory to the above mentioned scheme {27,1x2,
77,95).

Rampini et al. (77) showed that when CDP-diglyceride formation

was blocked by inhibition of energy generation, the synthesis of cardio
lipin was not terminated.

They observed that as levels of cardiolipin

dropped, levels of phosphatidylglycerol increased.

Thus, the following

scheme was proposed;
I (2)

2 phosphatidylglycerol----------------- ^ cardiolipin + glycerol

This scheme is supported by the work of Lusk and Kennedy (61 ) who demon
strated with radiolabeling studies that labeled free glycerol was released
upon formation of cardiolipin. \
\ While the major phospholipid of Escherichia coli, phosphatidylethan

olamine (PE), remains in relatively stable concentrations (3,l-,11,1 5,no,
66,90), phosphatidylglycerol is actively metabolized to cardiolipin by
cardiolipin synthetase in a variety of organisms (13,15,26,31,37,L2)._ f
The function of cardiolipin has yet to be determined.

Several lines of
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circumstantial evidence suggest a role in oxidative energy metabolism.
In eucaryotes, the synthesis of cardiolipin occurs in the matrix of
mitochondria.

Awasthi et al. (2) found that cardiolipin is found prim

arily on the inner membrane.

It is tenaciously bound by cytochrome

oxidase which requires cardiolipin for catalytic activity (3^,80).

In

Bacillus stearothermophilus, cardiolipin is the predominant phospholipid
in a lipid-depleted membrane fragment which contains the terminal electron
transport system and ATPase complex (16).

Santiago et al. (83) discovered

a correlation between cardiolipin degradation and loss of ATPase activity.
Work with various phospholipases have yielded a wealth of information.
Phospholipase C from Clostridium welchii hydrolyzes phosphatidylcholine
and phosphatidylethanolamine but not cardiolipin,

Vihen this is used on

mitochondria, phosphorylative activity is retained (12).

Treatment with

phospholipase C from Bacillus cereus (which hydrolyzes phosphatidylcholine,
phosphatidylethanolamine, and cardiolipin) results in a significant
reduction in oxidative phosphorylation (12).

Card et al. (16) and others

(35) have shown that cardiolipin turnover ceases and cardiolipin accum
ulates in the membrane upon inhibition of oxidative energy metabolism
by inhibitors or oxygen deprivation.

These results suggest that cardio

lipin and/or cardiolipin turnover require energy or are linked to an
energy requiring system.
' Another possible product of phosphatidylglycerol and/or cardiolipin
metabolism was recognized by Van Golds et al. in 1973 (102),j Although
Kanfer and Kennedy (13) first recognized the turnover of phosphatidyl
glycerol and cardiolipin, it was not unuil ten years later that a possible
alternate product was discovered, fv s n Golde et al. (102) found a ^onique
class of water soluble oligosaccharides (>ir>0').

îlDO consists of glycero-
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phosphate moieties linked as phosphodiesters to the 6 position of
glucose (51,102).

The sugar groups consist of 8-10 molecules of

glucose per molecule which may be derived from UDP-glucose as is evident
by a requirement of UDP-glucose for MDO biosynthesis (51,89,102). - The
sn-glycero-1-phosphate moiety is derived from the polar head groups
of cardiolipin and/or phosphatidylglycerol, more likely from the
latter (102).'
(95).

The average molecular weight of îUDO is about 2,000

This low molecular weight compound is found in the periplasmic

space and accounts for approximately 1% of the dry weight of the cellj
(51,89,90,102).
MDO synthesis accounts for about 75% of the polyphosphatide turn
over.

If phospholipases and lysophospholipases are responsible for some

lipid metabolism, it represents a minimum of the lipid turnover.

Several

different lines of evidence do indeed suggest that MDO is derived from
phosphatidylglycerol and/or cardiolipin and account for the turnover
of these polyphosphatides.

Pulse-chase experiments with sn- |2-^}^ -

glycero-3-P^pJ-phosphate demonstrate that radioactivity in the MDO
increased while that of phosphatidylglycerol and cardiolipin decrease.
Simultaneously, the ratio o f t o

[^^pj remains constant (102),

It

would be feasible for the KDO to accept the glycerophosphate head group
of phosphatidylglycerol or cardiolipin (5 1 ), resulting in the production
of a molecule of sn-1, 2-diglyceride (73).

MDO synthesis can be blocked

in a mutant in which cell growth is not inhibited (09,90).
of MDO is unknown.

The function

It may be that this molecule is involved in a trans

port system, but this is mere conjecture v73).

Since it is not required

for growth and it is localised in the periplasmic space, it, is unlikely
that it is involved in the regulation of fauty acid synthesis
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(9 ).

Il

\ Gram positive organisms do not contain MDO, but do contain a
similar structure to MDO designated as lipoteichoic acid (LTA)- a
membrane bound, water soluble glycerophosphate polymer (53)•

There

are two types of teichoic acids found in Gram positive bacteria; a
cell wall teichoic acid and a membrane-associated lipoteichoic acid.
There are many different types of cell wall teichoic acids but most
Gram positive bacteria contain a single LTA composed of polyglycero
phosphate moieties (53).

LTA's almost always possess 1,3-phosphodiester

linked chains of 25-30 glycerophosphate moieties.

These are variously

substituted with glycosyl or D-alanyl ester groups and terminal fatty
acids^

A number of studies have been performed on LTA's biological

activities (53) and antigenic properties (108) as well as their possible
location in mesosomes (L3,Uh) yet their function has yet to be established.
It has been suggested that lipoteichoic acid plays some role in
the cell division cycle by inhibiting cell autolysins or that it binds
and sequesters divalent cations (53).

It is rather intriguing that car

diolipin also binds divalent cations and. is a more potent inhibitor of
Streptococcus faecalis autolysins than LTA (20).
Pulse chase experiments with |?-^H^-glycerol have provided the
strongest evidence for a link between cardiolipin/phosphatidylglycerol
turnover and lipoteichoic acid synthesis.

Glaser and Lindsey (36) with

Staphylococcus aureus and Emdur and Chiu (30) with Streptococcus sanguis
showed that during a 45 minute chase period. 60% of the 1^2- H^-glyceroI
lost from phosphatidylglycerol was accountable in the radioactivity of
the LTA.

r.3 1
Card et al. (16) found that 73% of t h e H - j glycerol was found

in the phenol-water extract by using the hot 40%-phenol water procedure
(108).
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It appears that phosphatidylglycerol/cardiolipin turnover is

linked to the synthesis of LTA . i

Both molecules are hypothesized to

have similar functions yet in different parts of the cell.

If phos-

phatidylglycerol/cardiolipiii turnover does indeed correlate with LTA
synthesis, characterization of the involved enzymes and optimal con
ditions for synthesis of each molecule may provide insight into the
functions of these molecules.

Statement of thesis
The goal of this work is the characterization of cardiolipin
synthetase from Bacillus stearothermophilus■

The study consisted of

the following aspects:
1.

Characterization of cardiolipin synthetase in whole cells.

2. Cell fractionation and analysis of cardiolipin synthetase
activity in different cell fractions.
3. Analysis of cardiolipin synthetase activity in membranes
which were stripped of peripheral proteins.
4. An attempt to solubilize and subsequently purify cardiolipin
synthetase.
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Chapter II.
Materials and Methods

Reagents
Bovine serum albumin, lysozyme, dithiothreitol, octylglucoside,
cholic acid, and Triton X-100 were purchased from Sigma;

DNAase was

purchased from Worthington Biochemical.

Organism
The organism used in these studies was Bacillus stearothermophilus
(NCA 2184) which was kindly suppled by Dr. George L. Card, Department
of Microbiology, University of Montana, Missoula, Montana.

Growth of Bacillus stearothermophilus
Unless otherwise noted,

stearothermophilus was grown in medium

containing 2% Trypticase peptone (BEL) and 1% yeast extract (Difco)
(TYE medium).

Cultures were grown in a New Brunswick fermentor (model

ME 114) with vigorous aeration (air flow of 6 liters/min).

Smaller

cultures were grown in two liter baffled flasks (Bellco) with volumes
not in excess of 500 ml/flask on a New Brunswick gyratory shaker (model
625).

The temperature was maintained at 60°C + 2°C unless specified

elsewhere.

Cultures were inoculated to an O.D.^qq of 0.025 and harvested

at an 0.0.^^^ of 0.400 (Coleman Jr. II).

For fermentor cultures, cells

were harvested on crushed ice and collected by centrifugation (Sharpies
model T-1).

The cells were then washed with ice cold 50 mM Tris-HCl

(pH 7.8) containing 0.15 M NaCl and 10 mM MgCl2 (wash buffer).

For

smaller cultures, cells were harvested In 250 ml plastic centrifuge
14
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bottles containing crushed ice.

Cells were collected by centrifu

gation on an International centrifuge (model V) at three-fourths
speed for 20 min.

Cells were then washed in the wash buffer.

Lipid Extraction:
A modified Bligh and Dyer (82) procedure, adapted for different
sizes of samples, was used for all lipid extractions.

For the prepa

rations of carrier lipid and unlabeled PC, cells (1 to 5 g wet weight)
were suspended in 50 ml methanol and 10 ml of 0.3% NaCl and refluxed
over boiling water for 5 min.

After cooling, 25 ml of chloroform

and 10 ml of 0.3% NaCl were added.

The suspension was stirred at

room temperature for 60 min. then centrifuged and the supernatant
fluid transferred to a separatory funnel.
two additional times as described above.

The pellet was re-extracted
The supernatant fluids were

combined and sufficient chloroform and 0.3% NaCl were added to give
a final chloroform-methanol-0.3% NaCl ratio of 2:2:1.8.

After vigorous

shaking and separation of the two phases, the lower (chloroform) phase
was transferred to a round bottom flask and evaporated to dryness.

The

lipid was resuspended in a small volume of chloroform-methanol (2:1),
analyzed for phosphorus (i), and the relative phospholipid composition
determined by chromatography as described below.

Lipid preparations

were stored at -15°C.
Small samples (less than one mg protein) were extracted in 12
ml conical centrifuge tubes.

Chloroform, methanol, and 0.3% NaCl were

mixed to give the first phase Bligh and Dyer ratios (1:2:0.81

After

carrier lipid was added, the mixture was incubated at 60PC for 15 min,,
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then at 4°C for 60 min.

Chloroform and 0.3% NaCl were then added

to form the two phase system of Bligh and Dyer proportions C2;2:1.8).
After centrifugation in an International clinical centrifuge (model
CL) at full speed for 10 minutes, the bottom chloroform layer was
removed.

The upper water :methanol phase was subsequently washed

with two 1.5 ml volumes of chloroform.

Chloroform extracts were

pooled and dried on a Euchleir Evapomix (model 2281) at 30-35°C,
Solvent was dried under a stream of nitrogen.

The sides of the

tubes were rinsed with benzene and then dried under a stream of nitro
gen.

Each lipid sample was dissolved in 100 /il chloroform;methanol

(2:1).

Aliquots were analyzed for total radioactivity by scintil^

lation spectrometry and for lipid composition by chromatographic
techniques.

Lipid Analysis
Lipids were separated by chromatography on silica gel loaded
papers (Whatman SG-81) or thin layer plates (Whatman LK-6).

Papers

were developed in one dimension with chloroform:methanol:diisobutyl-'
ketone:acet±c acid:water (23:10:45:25:4)
ly two hours (16).

Thin layer plates were developed in chloroform:

methanol:acetic acid (65:25:8)
minutes (82).

(solvent A) for approximate

(solvent B) for approximately 100

Chromatograms were visualized either with a molyb-

date spray (103) for lipid phosphorus or by autoradiography with
Kodak X-Omat R Film (X-RI).

In the case of autoradiography, X-ray

film was developed and aligned with the chromatogram.
phospholipid

Radioactive

spots were cut from papers or scraped from thin layer
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plates with a single edged razor blade, placed in individual
scintillation vials, and mixed with Beckman Ready Solv EP liquid
scintillation cocktail.

Samples were counted on a Nuclear-Chicago

Unilux III liquid scintillation counter.

Preparation of labeled phosphatidylglycerol
Phosphatidylglycerol was labeled with either H ^^PO^ or
jz-^hj-glycerol.

For

labeling, cells were grown for at

least four cell doublings in a defined medium (83) containing
200 pCi of

Cells were labeled with

jz-^llj-glycerol by

pulse labeling for 4 minutes with |2-%J-glycerol at a cell density
of about 2 X 10^ cells/ml (P.U. 0.4 at 600 nm.).

Immediately after

the pulse period, growth was stopped by pouring the cell suspension
over crushed ice.

PG isolated from cells labeled in this way con

tained between 75% and 80% of the ^2-^H~| - in the non-acylated
glycerol.
The phospholipids were spotted on silica gel preparative thin
layer plates (Whatman PLK 5) and developed with chloroform:methanol:
acetic acid (65:25:8).
graphy.

Chromatograms were visualized via autoradio

Silica gel containing the radio-labeled PG was scraped from

the plates with a razor blade.

The PG was further purified by lipid

extraction and column chromatography.

The PG was loaded onto a Bio

Rad silicic acid column (Bio-Sil HA minus 325 mesh) equilibrated with
chloroform.

The column was developed with (a) two volumes of chloroform,

(b) two volumes of chloroform:methanol (10 :1), and (c) four volumes
of chloroform:methanol (2:1).

The PG was eluted with the chloroform;
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methanol (2:1) volumes which were pooled and taken to dryness.

The

PG was dissolved in chloroform:methanol (2:1) and stored at -15°C.
Phospholipid content was quantified by a phosphorus determination (1 ).
For the enzyme assays the labeled PG was adjusted to a concen
tration of 1 nmole/jil and 500 cpm//il.

The dried PG was emulsified

in 200 p.1 of either 0.5% Triton X-100 or 25-50 mM octyl glucoside
in distilled water.

The preparation was then sonified to clarity

(about 15-20 minutes) with a Sonifier cell disrupter microtip (model
W-350) at 50% duty cycle at an output control of *1' (about 100
watts).

Enzyme Assay
a.

^2-^hJ-glycerol release
Release of

|2-^H^-glycerol into the water soluble phase was

determined as follows.

The assay mixture contained 100 ^g membrane

protein, 10 nmoles total of emulsified

^2^H^-PG (40,000 cpm) and

P^p]-PG (8,000 cpm), 400 ;ig of BSA, 10 mM MgClg, 100 m M sodium
acetate buffer (pH 5.5) in a total volume of 0.2 ml.

The reaction

was terminated after 10 minutes by addition of 0.2 ml of 20% ice
cold trichloroacetic acid.

The reaction mixture was centrifuged

in a clinical centrifuge at full speed for 10 minutes, and a 200 >il
aliquot of the supernatant fluid was analyzed for PhJ.

b.

p^pj-cardiolipin formation
The method of Burritt and Henderson (13) was performed with

some modifications.

The assay mixture contained 100 fig membrane
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protein, 20 nmoles

p] o r H ^ P G

in 0.5% Triton X-100, and 100 mM

sodium acetate buffer (pH 5.5) in a total volume of 0.5 ml.

The

assay was performed at 60°C for 20 minutes unless noted otherwise.
Samples were then placed on ice.

The reaction was terminated with

the addition of 0.2 ml of 0.3% NaCl and 3i0 ml of chloroform:
methanol :IN-HCl (1:2:.03).

After carrier lipid was added, the

mixture was Incubated at 60°C for 15 minutes, then at 4°C for 60
minutes.

The phospholipids were extracted, chromatographed, and

radioactivity was determined in each phospholipid.

Collection of crude membranes
Membranes were prepared by the method of Card et al. (16).
Cells were incubated in 0.2 M NaCl-50 mM Tris-HCl (pH 7.8), 10 mM
MgCl^ containing 150 p g of lysozyme/ml.

After 30 minutes of incu

bation at 25°C, protoplasts were collected by centrifugation at
30,000 X g for 10 minutes.
50 mM Tris-HCl (pH 7.8).

Protoplasts were subsequently lysed in
DNAase (10 pg/ml) was added to reduce

viscosity and membrane fragments were collected by centrifugation
at 30,000 X g for 20 minutes.

Membrane fragments were washed once

in buffer containing 0.2 M NaCl, 50 mM Tris-HCl (pH 7.8), 10 mM
MgCl2 then washed 4-5 times in 50 mM Tris-HCl (pH 7.8), 10 mM MgCl2 .
Membranes not used immediately were stored in 5% glycerol, 50 mM
Tris-HCl (pH 7.8), 5 mM MgCl2 , 1 nM dithiothreitol at -2D°C.

These

membranes are termed washed membranes in the following discussion.

Enzyme Solubilization
Solubilization was performed according to the method of Racker
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et al.

(72) for protein reconstitution.

Aliquots of washed membranes

containing 8 mg protein were emulsified in 4 ml of either Triton
X-100, sodium cholate, octyl glucoside, or zwittergent (see Results).
The mixtures were incubated for 30-40 minutes at 4°C then centrifuged
for one hour at 50,000 rpm.

The supernatant fluid and pellet were

separated for protein determination (60).
in 1 ml of 10 mM Tris-HCl (pH 7.0).

The pellet was resuspended

Aliquots containing 100 _ug
3 1

protein were assayed for cardiolipin formation or

2- H J-glycerol

release.

Butanol Solubilization
Butanol solubilization was according to Huesgen and Gerisch (43)
with some modification.

Five ml of washed membranes (12.8 mg) in

50 mM sodium acetate buffer (pH 5.5) were mixed with 3.75 ml of
butanol and allowed to stand at 4°C for one hour.
was centrifuged at 5,000 rpm.

The mixture

This gave two phases and a pellet

at the bottom of the water soluble phase.
in 1 ml of 10 mM Tris-HCl (pH 7.0).

The pellet was resuspended

The pellet and the butanol

phase were assayed for cardiolipin formation.

The buffer soluble

material was centrifuged at 150,000 x g for one hour, then the super
natant and pellet were assayed for cardiolipin formation.
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Chapter III.
Results

I.

Cellular distribution of cardiolipin synthetase activity
Various cell fractions were assayed for cardiolipin synthetase

activity.

Table 1 shows that the enzyme is tightly bound to the

membrane.

There was no loss of enzyme activity when protoplasts

were formed and subsequently lysed.

Washed membrane, which was

stripped of between 20 and 30% of the total protein of crude
membrane, retained full activity.

In fact'; it appeared to have

slightly higher enzyme activity, possibly due to the loss of
inhibitory peripheral protein upon washing.

No CL-synthetase

activity could be detected in any of the supernatant fractions
from the centrifugation steps listed in Table 1.

II.

Cardiolipin synthetase activity of washed membrane preparations
1.

Optimum pH and temperature

The washed membrane preparations were used to determine the
optimum conditions for CL-synthetase activity.

The results sho\m

in Figures 1,2, and 3 were obtained with washed membrane preparations
isolated from cells grown for at least four cell doublings in TYE
32

medium containing H-

PO

4

(2 /iCi/ml) .

The optimum pH for the conversion

of endogenous PG to CL was 5.5 with a sharp drop in activity below
pH 5.0 (figure 2).

No marked differences in activity were noted

when phosphate or acetate buffers were used to adjust the pH.

The

optimum temperature for the conversion of endogenous PG to CL was
between 55° and 60°C

(Figure 3).

The rate of CL synthesis decreased

21
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Table 1. Cardiolipin synthetase activity in whole cells and
membrane preparations.&
Preparation

Percentage Composition

Phospholipid^

before
after 20 min.
incubation at 60°C

Whole Cells

Protoplasts

Membranes

Washed Membranes

PG

49.0

20.5

CL

16.6

48.6

PE

30.4

27.5

PG

NDC

21.5

CL

ND

47.9

PE

ND

26.2

50.8

19.1

CL

15.7

38.3

PE

30.3

26.7

PG

52.3

12.2

CL

14.2

56.2

PE

30.3

28.5

PG

•

a. Preparations (1000 jig protein/ml) were suspended in lOOmM sodium
acetate buffer(pH 5.5) and assayed before and after incubation at 60°C
for 20 minutes. Whole cells labeled with[^^p[] (2 ^Ci/ml culture) were
fractionated as described in the text. Samples of each fraction
containing 100 jug of protein were suspended in 100 mM sodium acetate
buffer (pH 5.5). Lipids were extracted and assayed before and after
incubation at 60°C for 20 minutes as described in Materials and Methods.
b . PG = phosphatidylglycerol, PE
cardiolipin
c.

phosphatidylethanolamine, CL =

ND = not done
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Figure 2. The effect of pH on CL-synthetase activity in washed membranes.
Total phospholipid content was 350 nmoles/mg protein. E n z ^ e assay
contained 100 jug membrane protein from cells pulsed with C Fj ,
(200 nCi/nvnole PO4) and 100 mM buffer in a total volume of 400 jil* After
20 minutes at ôO^C, the reaction was stopped by the addition of the lipid
extraction mixture as described in Materials and Methods. The extracted
lipid was separated by thin layer chromatography.
Sodium, acetate buffer
was used from pH 4.0 to 5.5 and phosphate buffer from pH 6.0 to 9.0.
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Figure 3. The effect of temperature on the conversion of endogenous PG
to CL in washed membranes. The assay nirture contained 100 ug of washed
membranes in 4 0 0 /il of 100 mM Na-acetate buffer (pH 5.5). The initial CL
concentration was 12.6% of the total phospholipid. The reaction was
stopped and the lipids were extracted and quantified as described in
Figure 2.
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rapidly with decreases in temperature below 55°C.

2.

Effect of divalent cation on cardiolipin synthetase activity

Table 2 shows the effects of

Ca"^, and

EDTA on the

conversion of endogenous phosphatidylglycerol to cardiolipin.

The

lack of substantial decrease in cardiolipin formation in the presence
of 1 mM EDTA suggested that divalent cation was not required for
enzyme activity.

In fact, enzyme activity appeared to be enhanced

by the presence of EDTA.

3.

The effects of Triton X-100 on cardiolipin synthetase activity

The effect of Triton X-100 on the conversion of exogenous
l^^p'J-PG top^P~]-CL is shown in figure 4.

Concentrations greater

than 0 .1% were inhibitory and enzyme activity decreased by almost
80% at concentrations of Triton X-100 greater than 0.15%.

The inhibition

was not irreversible, however, because when concentrations of 0 .2%
Triton X-100 or less were diluted to a final concentration of 0.05%
Triton X-100 in the assay mixture, activity was the same as mixtures
without Triton X-100.
The effect of Triton X-100 on CL-synthetase activity was impor
tant for two reasons.

First, this detergent has been successfully

used to solubilize a number of integral membrane proteins, including
some enzymes involved in phospholipid biosynthesis.

Second, the

physical state in which the exogenous PG was added to the reaction
mixture has a marked effect on the rate of CL synthesis and the
total amount of CL formed by the membrane preparations.

The proper

concentration of Triton X-100 in the exogenous PG preparation was
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Table 2. Effect of divalent cations on cardiolipin synthetase activity
of washed membranes.®
Addition

Control"

None

10 mM MgCl2

10 mM CaClg

10 mM EDTA

Phospholipid

Percent of
total
phospholipid

PG

49.0

CL

16.6

PE

30.4

PG

21.5

CL

47.9

PE

26.2

PG

28.6

CL

31.4

PE

31.5

PG

23.3

CL

33.2

PE

32.3

PG

19.7

CL

47.8

PE

27.4

a. Washed membranes from |?^p] labeled cells (2 ;uCi/ml culture medium)
were suspended in 100 mM sodium acetate buffer (pH 5.5). After 20
minutes at 60®C, the lipid was extracted and analyzed as described in
the Materials and Methods section.
b. Composition of the washed membrane preparations prior to the
incubation period.
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Figure 4. Effects of Triton X-100 on cardiolipin synthetase in
membranes.
The assay mi ture; lOOjug washed membrane, 20 nmoles
(200 yuCi 52p^^g]nole PO4) , 100 mM Na-acetate buffer (pH 5.5), and
100 at the concentrations shown. After 20 minutes of 6QOC, the
was stopped and the lipid analysed as described in Figure 2.
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critical to ensure sufficient dispersion of the PG into micelles
capable of fusing with CL-synthetase in the membrane preparations.
Consistent results wererobtained by using PG preparations of
1 nmole/^l dispersed in 0.5% Triton X-100.

4.

Assay of cardiolipin synthetase by the release of {^2-^1^-

glycerol from labeled PG.
The time and materials required for the assay of CL-synthetase by
|32pJ-cL formation has restricted the progress which might be made
in isolating the enzyme.

Therefore, a second assay was developed

in which the free glycerol produced by the CL-synthetase reaction
was determined rather than the CL formed.
PG was labeled by briefly pulsing
(4pCi/ml of culture) at cell densities

cells with |j2-^Hj-glycerol
above2 x 10^ cells/ml.

The

PG preparation used in the experiment shown in figure 5 contained
500 cpm/nmole PG.

After treatment with phospholipase D, 25% of the

label was recovered as phosphatidic acid and 75% as free glycerol.
Figure 5 shows that the rate of [^^[^|-glycerol release parallels the
quantity of ^^^pj-labeled phosphorus recovered in the CL from the
TCA precipitate.

Data from this curve

were used

to calculatethe

nmoles glycerol released as follows :
cpm
nmole PG

_
^

'

cpmPli] in nonacylated glycerol
nmole PG

r, -> cpm ^ H^released/sample
cpm l/Hj/nmole PG in nonacylated glycerol

_

nmoles T^h I-glycerol released

Note that in figure 6 the values for the nmoles [^hj-glycerol released
[32 1
were equivalent to the values for nmoles [ P j -CL formed.

Therefore,

one mole of glycerol was released for every nmole CL formed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

29

20

4000

3000

O)

X2000i

OL

1000

20

40

60

80

100

nmoles P G a d d e d
Figure 5. Comparison fo
glycerol release and
PG converted
by washed membrane.
The assay mixture contained various concentrations
of PG with a specific activity of 470 cpm Pÿ) /nmole PG and 350 cpm
[f^p] /nmole PG.
Seventy-f ive percent of the
label was in the non
acylated glycerol of PG. After 10 minutes of 60°C, the reaction was
stopped by placing the tubes in an ice bath and adding 200 ^ 1 of ice cold
20% trichloroacetic acid (TCA). After 10 minutes on ice, the tubes were
centrifuged and the TCA soluble portion carefully removed. The TCA
precipitate was then extracted and analyzed as described in Figure 2.
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Conditions for the enzyme assay
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glycerol released are described in the text. Calculation of nmoles
p2p-]cL was by dividing the nmoles PO4 (Figure 5) by 2.
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III.

Detergent solubilization of cardiolipin synthetase.
A variety of detergents were used in attempting to solubilize

cardiolipin synthetase from washed membranes (Table 3).

In each

experiment, washed membranes were treated with detergent and then
centrifuged at high speed.

If the enzyme remained in the supernatant,

it was considered solubilized.

Detergent concentrations were usually

at or above the critical micelle concentration (CMC) except for 3-14
zwittergent which was used at one-quarter its CMC.

This concentration

of zwittergent 3-14 was less inhibitory and solubilized as much membranebound protein as 0.012% zwittergent 3-14 (its CMC).
No enzymatic activity was recovered in the supernatant fractions.
Enzymatic activity always remained in the pellet.

The most successful

detergent in solubilizing membrane protein was 0.1% Triton X-100.

It

solubilized 66% of the total membrane protein and provided for an in
crease in enzyme specific activity in the pellet fraction.

Other

detergents such as octyl glucoside alone and in combination with
sodium cholate removed 79% and 53% of the total membrane protein, but
showed a marked decrease in CL-synthetase activity in the particulate
fraction.

IV.

Partial purification of cardiolipin synthetase by extraction

with Triton X-100.
Cardiolipin synthetase was partially purified by extraction
of washed membranes with Triton X-100 (Table 4).

The enzyme was

not solubilized as seen by the lack of enzymatic activity in any of
the supernatant fractions.

Enzyme activity was recovered only in

the pelleted membrane preparations.

Washed membranes created with
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Table 3.

Treatment of washed membranes with detergents.&

Treatment

% of washed
membrane protein
recovered in
pellet fraction

nmoles of CL
formed/mg protein
(pellet fraction)

fraction of
washed membranespecific activity

None

1.00

42.6

1.00

40 mM octyl
glucoside
pellet

0.21

30.6

0.72

14 mM sodium
cholate

0.70

30.8

0.72

0.003% 3-14
zwittergent

0.86

37.9

0.89

12 mM sodium
cholate + 27 mM
octyl glucoside

0.45

45.2

1.06

0.1. Triton X-100

0.34

68.7

1.61

butanol:
1. 50K pellet
of buffer soluble
protein^

0.02

18.5

0.43

2. butanol
soluble protein

0.52

2.0

0.05

a. Washed membrane was suspended at a concentration of 2mg/ml in the
reagents listed. After 10 minutes at 60°C, the suspension was centrifuged
at 150,000 X g for 60 minutes. No CL-synthetase activity was found in
any of the supernatant fluid fractions.
b. After solubilization of 12.8 mg washed membranes in 50 mM sodium
acetate buffer (pH 5.5) with 3.75 ml of butanol, the mixture was
incubated for 1 hour at 4°C and then centrifuged at 5,000 rpm. The
buffer soluble material was centrifuged at 150,000 x g for 1 hour
then the supernatant and pellet were assayed for enzymatic activity.
c. CL-synthetase was assayed for cardiolipin formation as previously
described in the Materials and Methods.
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Table 4.

Preparation of Triton X-100-extracted membranes

fraction

volume
(ml)

protein
(mg)

protein
yield

total
units

specific
activity

yield

(
)
C/
O
CD

o_

washed membranes

8

27.94

1.00

83.6

2.99

1.00
"CDO

0.05% Triton
X-100 supernatant

8

10.26

0.05% Triton
X-100 pellet

8

17.68

0.63

24.3

1.37

0.29

0.10% Triton
X-100 supernatant

8

4.03

0.14

0.5

0.13

0.01

0.10% Triton
X-100 pellet

2

0.37

2.1

0.20

0.03

2
Q.
C

g
"3G
"O
2
Q.
2
■c

9.44

0.34

a. Each fraction was assayed as described In
PG were added.

34.5

3.65

0.41

CD
C

I
£
g
È
figure 7 except that 10 nmoles of

8

gCD
"o
C

b. Unit of activity Is defined as the amount i3f enzyme which produces 1 nmole
of CL per minute at bO^C.

g

c
co
o
CD
Q.

73
83
73
2
Q.
CD

Ùl

34
0.05% Triton X-100 had 37% of the total membrane protein removed
while retaining 28% of the CL-synthetase activity.

When the pellet

of this preparation was again extracted with Triton X-100, another
29% of the total membrane protein was removed, while 41% of the
original enzymatic activity was recovered.

This resulted in an

increase of specific activity from 2.99 units/mg protein for washed
membranes to 3.65 units/mg protein for the 0.1% Triton X-100 extracted
pellet.

This preparation was used for further characterization of

cardiolipin synthetase.
1.

Effect of substrate concentration.

In assay mixtures containing 100 jug protein, the release of
Q-^nJ-glycerol was linear up to 50 nmoles of PG added (Figure 7).
The enzyme appeared to be saturated at concentrations of PG above
50 nmoles.

In contrast, the washed membrane preparations showed a

linear relationship up to 100 nmoles PG added (Figure 5).

The re

lease of |^2-^H*]-glycerol during a 20 minute incubation period is
shown in Figure 8.

The reaction was linear for 10 minutes.

About

70% of the total glycerol released in the 20 minute period was re
leased in the first 10 minutes.
2.

Optimum pH and temperature for the Triton extracted membrane.

The rate of glycerol release was monitored at temperatures
between 35° and 80°C (Figure 9).
glycerol formation was 60°C.

The optimal temperature for

Significant decreases in glycerol forma

tion occured below 45°C and above 70°C.
of pH on [^^nl-glycerol formation.

Figure 10 shows the effects

The optimal pH for [^^H^-glycerol

formation was at pH 6.0 with significant decreases below pH 4.5 and
above pH 7.0.

It should be noted that both the shape of the curves
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Figure 7. Effects of substrate concentration on
glycerol release
in Triton X-100-extracted membranes. The assay mixture contained 100 ^ g
f Triton X-100-extracted membranes, various amounts of PG (40,000 cpm
^njand 8,000 cpm[^^P3/ nmole PG), 100 mM Na-acetate buffer (pH 5.5) in
a total volume of 200 jul. The reaction was stopped after 10 minutes with
the addition of 20% TCA. The release of [2-^H-^ glycerol into the TCA
soluble phase was determined as described in Materials and Methods.
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Figure 8. Time course for
glycerol release in Triton X-100extracted membranes. CL-synthetase activity was assayed as described in
Figure 7.
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Figure 9. The effect of temperature on
glycerol release in
Triton X-100-extracted membranes.
CL-synthetase activity was assayed as
described in Figure 7.
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Figure 10. Optimum pH for [2-^H-^ glycerol release by Triton X-100-'
extracted membranes.
CL-synthetase activity was assayed as described in
Figure 7 except that the concentration of buffer was 25 mM.
Sodium
acetate buffer was used from pH 4.0 to 5.5 and phosphate buffer from pH
6.0 to 8.0. The reaction was stopped after 10 minutes at each pH and
glycerol released determined as described in Figure 7.
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and optimum points for the Triton extracted preparations were
different than those obtained with the washed membrane preparation
(Figures 2 and 3).

3.

Effect of divalent cations and nucleotides on the Triton

extracted membrane.
Table 5 shows the effects of a variety of divalent cations
and nucleotide triphosphates (NTP's) on CL-synthetase activity in
Triton extracted membranes.

Divalent cations had a stimulating

effect on enzyme activity (50%), whereas EDTA inhibited enzymatic
activity by about 23%.

All of the NTP's had inhibitory effects

on the enzyme, particularly ATP.

The addition of PO^ or ADP had

little effect on [^hj-glycerol release.

Again it should be noted

that the washed membrane preparations (Table 2) showed a different
response to divalent cations and EDTA.

4.

Effect of phospholipid on the Triton extracted preparation.

Table 6 shows the effect of various phospholipids on
glycerol release.

The addition of phosphatidylethanolamine at lower

concentrations (50 nM) had a somewhat inhibitory effect, but higher
concentrations of phosphatidylethanolamine seemed to have little
effect on enzyme activity.

Substantial decreases in

release were seen with the addition of cardiolipin.

r3

H

-glycerol

In the presence

of 500 >iM cardiolipin, the amount of [^nj-glycerol released was 45%
of that observed for the control preparation.

The addition of total

phospholipid appeared to slightly increase enzyme activity.

The

total phospholipid extract consisted of 52.3% PG, 14.2% CL, and 30.3% PE.
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Table. 5. Effect of cations and nucleotides on cardiolipin synthetase
activity of Triton X - 100-extracted membrane.^
Addition

cpm
glycerol
released (x 10^)

Fraction of
control
(no addition)

None

4.28

1.00

10 mM MgCl2

6.07

1.42 ■

10 mM MnCl2

6.15

1.44

10 mM CaCl2

6.63

1.55

10 mM'EDTA-Na2

3.29

0.77

10 mM

4.32

1.01

10 mM ADP

4.35

1.02 V

10 mM ATP

2.74

0.64

10 mM CTP

3.79

0.89 ^

10 mM GTP

3.86

0.90 V'

10 mM UTP

3.81

0.89 V

a.

CL-synthetase activity was assayed as described in figure 7.
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Table 6. Effects of phospholipids on cardiolipin synthetase activity
from Triton X-100-extracted
membranes.^
Addition^

None

cpm IPh ] -glycerol
released (x 103)

Fraction
of control
(no added
phospholipid)

4.06

1.00

50 iiM PE

3.25

0.80

250 juM PE

3.86

0.95

500 uM PE

3.98

0.98

50 jjM CL

3.37

0.83

250 u M CL

2.43

0.60

500 juM CL

1.81

0.45

4.23

1.15

250 AjM TPL

4.21

3.63

500 yuM TPL

4.56

6.74

50 AiM TPLC

a.

CL-synthetase activity assayed as described in figure 7.

b.

Phospholipid concentration expressed as lipid phosphorus.

c. TPL represents total phospholipid extracted from Bacillus
stearothermophilus. This consisted of 52.3% PG, 30.3% PE, and
14.2% CL.
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The specific activity of the PG was therefore reduced from 4,000
cpm ^ nj/nmole PG to 670 cpm ^^IlJ/nmole PG.

Based on these calcu

lations, it appeared that the addition of the mixed phospholipid
preparation resulted in a 4-12% increase in CL-synthetase activity.

5.

The kinetics of the cardiolipin synthetase reaction.

The

and

for the Triton X-lOO-treated membrane preparation

were determined by plotting the reciprocal of the velocity versus
the reciprocal of the substrate concentration (Lineweaver-Burk plot).
It was determined that the K = 6.67 x 10~^M and the V
= 2.78 x
m
max
10

X

min.

These values must be considered with some reservation

because of possible errors in estimation of the specific activity
of CL in reaction mixtures.

The slope of the substrate concentration

for Triton X-lOO-extracted membranes (Figure 7) is not equal to the
slope of the same curve for washed membranes (Figure 5).

It is also

important to consider that saturation occured at 50 nmoles PG added
for the Triton X - 100-extracted membranes whereas the enzyme present
in the washed membrane preparation was not saturated at 50 nmoles
PG added.
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Figure 11. Kinetics of cardiolipin synthetase activity of Triton X-100extracted membranes.
It was calculated that 1600 cpm of [pHj-glycerol
released was equivalent to 1 nmole CL formed.
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Chapter IV.
Discussion

In this study, CL-synthetase activity in Bacillus stearother
mophilus was located within the cell membrane, characterized in
washed membranes, and characterized in a partially purified Triton
X-100-extracted membrane preparation.

Attempts to solubilize the

enzyme with a variety of detergents were unsuccessful.
Enzymatic activity was located within the membrane.

Whole cells,

protoplasts, crude membranes, and washed membranes all displayed CLsynthetase activity.

Washed membranes showed enhanced activity compared

to other cell fractions, possibly due to loss of peripheral proteins
which may have interfered with enzyme-substrate binding.

Consequently,

washed membranes were used to determine various characteristics of cardio
lipin synthesis.
The pH optimum for cardiolipin formation was pH 5-5; the activity
decreased rapidly below pH 5.

The temperature range for enzymatic

activity was broad with an optimum at 55°C.

It appeared that CL-

synthetase was stable over a broad range of temperatures.

Enzymatic

activity was not stimulated by divalent cation but activity was some
what stimulated by the presence of EDTA.

This suggested that EDTA had

chelated an inhibitory metal or perhaps a divalent cation-dependent
inhibitor.

VJhen Triton X-100 was added to the assay mixture,

cardiolipin

formation was significantly inhibited especially at detergent concen
trations of 0.1% or greater.

At a concentration of 0.1$% Triton X-100,

the critical micelle concentration,

(CMC), for Triton X-100, there was

a decrease of 80% in the rate of CL synthesis.

Washed membranes treated

hS
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with concentrations of Triton X-100 up to 0.2% continued to demonstrate
enzymatic activity provided that the detergent concentration was diluted
to 0.05% prior to the assay (data not shown).

It appeared that Triton

X-100 at concentrations less than 0.2%, exerted an inhibitory effect
by binding to the enzyme or removing essential boundary lipid from the
enzyme rather than denaturing the enzyme.

Enzymatic activity was

irreversibly lost at concentrations of Triton X-100 greater than 0.2%.
Analysis of the products of CL-synthetase was by one of two methods:
lipid extraction and separation of

-labeled phospholipids or by a

10% trichloroacetic acid (TCA) precipitation in which [^nj-glycerol re
mained in the supernatant.
products;

Each of these methods measured different

cardiolipin in the case of the former and [^H^-glycerol

release in the latter case.

Each of these methods had particular advan

tages and disadvantages which must be considered upon analysis of the

data.
The initial method of monitoring enzymatic activity involved lipid
extraction and chromatography to separate the phospholipids.

The corres

ponding spots for PG and CL on the chromatogram were analyzed for radio
activity.
of CL.

The strongest asset of this method was the direct measurement
Thin l%rer plates were sprayed with a molybdate spray for lipid

phosphorus to detect phospholipids, thus avoiding the extended periods
of time required for autoradiography.

However, there' are some drawbacks

to this method.
One of the greatest disadvantages with this method was the amount
of time necessary to complete the procedure (10 hours).

Another disad

vantage was the numerous opportunities for error because of the number
of different steps involved in the analysis.

As a result, data obtained
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by this method has a greater chance of being inaccurate.
The other method of monitoring enzymatic activity was to detect
[^n]-glycerol release in the supernatant fluid after precipitation
with 10% trichloroacetic acid (TCA).

The major advantages with this

method were the speed with which the assay could be performed and the
consistency of data obtained.

There were fewer steps and therefore,

fewer opportunities for error.
The disadvantages with the 10% TCA precipitation procedure involved
the use of detergents.

When protein samples containing detergent were

analyzed, the results were misleading.

The detergent formed micelles

with the substrate such that some of the substrate was not precipitated
by the 10% TCA.

As a result, the [^h ]-PG remained in the supernatant

fluid and was mistakenly observed as radioactivity from glycerol release.
Release of [^h ]-PG into the supernatant fluid was monitored by the
inclusion of

P^p]-PG in the initial exogenous P hJ-PG preparation.

If

P^pJ-PG was released into the supernatant fluid to be assayed, [^^pj
as well as pp[] radioactivity was monitored and the radioactivity of
the

was adjusted accordingly.
Another disadvantage with this assay was that in the presence of

detergents in the assay mixture, p n j was quenched more than in the ab
sence of detergents from the assay mixture.
X-100, 50% of the

In the presence of Triton

was quenched whereas 33% of the [^h ] was quenched

in the absence of Triton X-100 in the assay mixture.

These values were

adjusted by multiplying cpm values by 2 (for samples from assay mixtures
containing detergent) or by 1.5 (for samples from assay mixtures not
containing detergent).

Quenching in the presence of Triton X-100

was confusing because the scintillation cocktail contained Triton X-100.
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Perhaps the detergent concentration was sufficiently elevated to
create quenching.
The data from figure 5 indicated that [^H^-glycerol release
correlated with nmoles phosphorus recovered from CL after lipid ex
traction of the 10% TCA precipitate.

Assuming that one

labeled

molecule of CL was formed from two [^^p] molecules of PG, it was cal
culated from the data in figure 5 that equimolar amounts of CL and
glycerol were formed in the reaction.
to the 10% TCA precipitation method.

These data lent credibility
The amount of glycerol released

was calculated from calculations showing that 75% of the [ \ ] label
was present in the non-acylated glycerol of PG (see Results for cal
culations ).
The data from figures 5 and 6 supported the view that the CL
synthetase was not discriminating between endogenous, nonlabeled and
exogenous, labeled PG.

Errors in calculating the amount of CL formed

could have occured if there was not a uniform mixing of the unlabeled
endogenous PG with the labeled exogenous PG and if the glycerol was
preferentially released from either the endogenous or exogenous PG.
If there was no mixing of endogenous and exogenous PG, the amount of
CL formed calculated from the amount of

glycerol released would

not have been equivalent to the amount of CL formed calculated from
P^pJ recovered in the CL isolated from the chromatograms.

Therefore

it appeared that the exogenous PG vesicles fused with the membrane,
then the labeled and unlabeled PG mixed freely to form equimolar amounts
of CL and glycerol.

Perhaps the initial fusion process was dependent

upon divalent cations or lipid cofactors to ensure proper membraneexogenous PG vesicle fusion.
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One

of the goals

of this studywas

Although

this was not

accomplished,the preparation with the highest

specific

activity wasprepared by a two step washing procedure with

Triton X-100.

to solubilize CL-synthetase.

While many other detergents removed lipid from membrane

bilayers, Triton X-100 was very efficient at removing protein as noted
by the removal of 66% of the total membrane protein using the two step
extraction procedure.

At the same time, i|1% of the enzyme was retained

in the membrane with an increase in specific activity from 2.99 units/
mg protein for washed membranes to 3.65 units/mg protein for the Triton
X-100-extracted membranes.

Although the increase in specific activity

was not overwhelming, a large quantity of protein was removed.

Either

much of the enzyme was removed or Triton X-100 had inhibitory effects
on the CL-synthetase.

Inhibition of the enzyme by Triton X-100 may

have been due to the loss of essential boundary lipid (see p. 53 for a
discussion of boundary lipid).
The characteristics of the Triton X-100-extracted membranes were
quite different compared to the enzyme in the washed membranes.

First,

the pH optimum for the Triton X-100-extracted membranes was 6.0 as opposed
to pH 5*5 for washed membranes.

The pH curve for the detergent-extracted

membranes was narrower than the pH curve for washed membranes suggesting
that the enzyme in the detergent-extracted membranes was more sensitive
to pH.

Tanford and Reynolds (97) suggested that detergent micelles inter

act more readily at more alkaline pH.

Perhaps the higher pH allowed for

greater interaction between detergent micelles and phospholipid.
The other major difference between the washed membrane prenaration
and the detergent-extracted membrane preparation was the effect of the
cation.

Surprisingly, the detergent-extracted membrane preparation was
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stimulated by the divalent cations Ca
by EDTA.

, Mg

, and Mn

and inhibited

It was also curious to note that nucleotide triphosphates

such as ATP, CTP, GTP, and UTP were also inhibitory to enzymatic
activity.

This was initially interpreted as a link between energy

generation and cardiolipin formation.

However, further evaluation led

to the interpretation that these nucleotide triphosphates (NTP’s) may
have been acting as chelators of divalent cations.

For instance,

O'Sullivan and Perrin have found that Mg-ATP has a very high stability
constant (6 9 ).
All three divalent cations were as effective in stimulating CLsynthetase from detergent-extracted membranes.

This suggested that

divalent cation served to aid in phospholipid vesicle fusion rather
than a divalent cation requirement.

This suggestion is supported by

observations that mono and divalent cations aid in phospholipid vesicle
fusion (9 7 ).
The substrate concentration curve for detergent-extracted membranes
was linear from 0-50 nmoles PG added after which the rate of
glycerol release plateaued.

-

This curve contrasts greatly with the

substrate concentration curve for washed membranes which remained
linear through 100 nmoles PG added.

Enzyme saturation m a y have occurred

in the case of detergent extracted membrane (see Figure 7) or perhaps
boundary lipid requirements for stabilization of the enzyme were not
fulfilled by the higher concentrations of PG.
The optimal temperature for I^^H^-glycerol release was 60^C, which
is near the optimal growth temperature (62°).

The rate of glycerol

release at temperatures greater than 70°C rapidly decreased possibly due
to irreversible dénaturation of the enzyme.
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When various phospholipids were added to the Triton X-100-extracted
membranes, certain phospholipids stimulated enzyme activity while others
inhibited enzyme activity.

As expected, the addition of CL substantially

decreased ^^Hj-glycerol release.

This was probably due to product

inhibition. The reason for the decrease in enzymatic in the presence
of PE was not known, but perhaps the replacement of regulatory phospho
lipid with PE inhibited cardiolipin synthetase.

In the presence of

Bacillus stearothermophilus total phospholipid, the rate of [
release increased significantly (Table 6 ).

-glycerol

Decreases in specific

activity were accounted for by the dilution of the [^h]-PG.

Perhaps

if the lipid and detergent were allowed to interact for an extended
period of time, an even greater increase in enzymatic activity would
have occurred.
There have been conflicting views on the recognition site on the
phospholipid molecules for lipid dependent proteins.

However, it has

been generally accepted that the polar head group has been reponsible
for specific recognition of the phospholipid by membrane protein (21,
33,81,99).

Cardiolipin synthetase appeared to be no exception (Table 6 ).

Enzymatic activity from Triton X-100-extracted membranes were 1) not
stimulated by the addition of PE, 2) inhibited by the addition of CL,
and 3 ) stimulated by the addition of total phospholipid.
It was intriguing to note that more CL was formed in the presence
of total phospholipid than when equivalent amounts of purified PG were
presented to the CL-synthetase from detergent-extracted membranes.

It

was calculated that the CL formed had a specific activity of 1600 cpm
f^H^/nmole CL formed.

When 60 nmoles of PG were added to the detergent-

extracted membranes, 1$.6 nmoles of CL were formed.

IVhen 100 nmoles of
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total phospholipid were added to the detergent-extracted membranes,
22.8 nmoles of CL were formed.

This total phospholipid preparation

contained $0 nmoles of unlabeled PG, as well as 10 nmoles of [^ h J-PG.
This represented a U6.2% increase in the CL formed.

It was calculated

that the specific activity of the f^üj-PG dropped from 1600 cpm/nmoles
CL formed to 66? cpm/nmoles CL formed.

Perhaps it was the concentrations

of particular phospholipids in the total phospholipid mixture that
regulated the CL-synthetase.

Perhaps these phospholipids directed the

enzyme to the substrate or stabilized the enzyme.

Whatever the function

of the phospholipid, it was apparent that certain phospholipids in
particular concentrations were required for proper enzymatic activity.
Activation of CL-synthetase from detergent extracted membranes by total
phospholipid could also explain the effects of substrate concentration
on washed membranes and Triton X-100-extracted membranes.

Perhaps the

abundance of various phospholipids in the washed membranes stabilize
the cardiolipin synthetase such that enzyme and substrate were allowed
contact more readily whereas the lack of phospholipid in detergent extracted
membranes did not allow proper contact between substrate and enzyme.
It was also important to be aware that some Triton X-100 remained
bound to the membrane even after centrifugation and therefore may have
affected the behavior of cardiolipin synthetase.

It has been shown

that specificities of several membrane proteins for phospholipids differed
in enzymatic assays performed in the presence and absence of detergent (86 ).
A detergent may relieve lipid dispersion problems or latency of an enzyme
(8 6 ).

However, the Triton X-100 appeared to have replaced essential

boundary phospholipid.
When a time course was performed on the Triton X-100-extracted mem-
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branes, 70% of the [^H^-glycerol released in 20 minutes was released
within the first 10 minutes.

The velocity was linear for the first

10 minutes thus allowing for the calculation of a
kinetics data (Figure 8).

The

from the saturation

obtained for this preparation was

6.67 X 10"^M which was similar to the

of 2.21 x 10"^M obtained by

Short and White (91) for Staphylococcus aureus membranes.
Attempts to solubilize cardiolipin synthetase with various deter
gents were unsuccessful.

A number of detergents were used at their

CMC or above since it has been shown that amphipathic proteins bind
detergent near their CMC (98).
was not observed.

Detergent activation of CL-synthetase

It may be that the CL-synthetase was solubilized

but was denatured simultaneously due to removal of essential boundary
lipid.

There is strong evidence that solubilization alone is not

sufficient for activation of at least one lipid depleted enzjone.

In

the case of C^^ isoprenoid alcohol kinase, phospholipids must be added
in the presence of Triton X-100 for full activation to occur (8L,85).
It is apparent that integral membrane proteins have distinct
"boundary lipids" (26,L5,h6,L7,56,58,6^,96,97) in the membrane that
are immobile relative to the bulk lipid phase.

These boundary lipids

often have an intimate relationship with the protein such that excess
lipid or detergent used in solubilization procedures tend to cause
disaggregation of the proteins.

Preferential lipid-protein associa

tions could minimise mismatching of boundary lipid around the surfaces
of membrane proteins.

Heterogenous lipid compositions may also be

required to satisfy the different packing requirements of membrane
embedded proteins,
Cardiolipin synthetase,appears to be a membrane-bound enzyme that
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requires phospholipids for enzymatic activity»

Lipid involvement

with membrane proteins was first demonstrated in studies in which re
binding phospholipids to solvent-extracted mitochondria led to reactiv
ation of respiratory activity (33).

Later it was shown that phospholipids

were required for each component of the respiratory chain (for both
intact mitochondria and purified systems) (10,100).

Cardiolipin,

lecithin, and total mitochondrial phospholipid could restore activity
but the mode of reconstitution was critical.
Several other enzymes require specific phospholipids for enzymatic
activity.

Mitochondrial D(-)^-hydroxybutyric acid dehydrogenase has

an absolute specificity for lecithin (97 ); other phospholipids do not
restore activity.

The isoprenoid alcohol phosphokinase from Staphylo

coccus aureus which phosphorylates a

isoprenoid alcohol intermediate

in peptidoglycan synthesis, has an absolute requirement for PG or CL
(39) in the presence of desoxycholate.

Activity is not recovered in

preparations lacking one or the other.
Enzymes of lipid metabolism also have phospholipid requirements
(57,58).

Results of attempts to solubilize CL-synthetase indicated a

strong affinity (Table 6 ) and possible requirement for phospholipid.

It

was unknown whether lipid was an absolute requirement for enzymatic
activity, a regulator of enzymatic activity, or both.

If lipid was

required for enzymatic activity, there should be loss of enzymatic
activity upon delipidation, which would be restored upon reconstitution
with lipids.

If the lipid acted as a regulator, the lipid may have been

required for enzymatic catalysis of non-polar substrates.
CL-synthetase may require lipids to form an appropriate binding
site for PG.

This would have been unusual because the physical state
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of phospholipid affects the enzymatic reactions when phospholipids act
as substrates and activators (25).

The activity of lipid requiring

enzymes (26) have been shown to be influenced by 1) the substrate mass,
in which the enzyme is dependent upon the interface with the phospho
lipid available for enzymatic attack, 2) the extent of molecular packing
around the enzyme, 3) the addition of solvent, which may dilute polar
head groups and L) the electrostatic field which affects adsorption and
penetration of the enzyme.
Green and Tzagoloff

(38) have offered a model for the role of lipid.

They suggested that membranes are composed of a bidimensional association
of lipoprotein subunits along a plane in which phospholipids contribute
a hydrophilic surface.

This polar surface prevents polymerization of

proteins into 3-dimensional aggregates.

Such aggregates would not

allow contact of the functional reactive groups of the enzyme and the
substrate.

Soluble enzymes would spontaneously form micelles in water

due to the amphipathic nature of the detergent with which the enzyme is
dispersed.
By acting as regulators, lipids could create a finer level of organ
ization in the membrane.

They may direct precise contact between par

ticular proteins in the membrane to assure that multistep catalysis occurs
in a concerted manner (Hi).

Phospholipids may act as enzyme regulators

by insuring proper conformation of the protein.

The conformation of the

protein is optimal when exterior apolar amino acid residues are in con
tact with the lipid.
Perhaps this finer level of organization has been disrupted in
Triton X-100-extracted membranes containing cardiolipin synthetase.
Perhaps the enzyme has an absolute requirement for the lipid bilayer
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in order to function properly»

This was once thought to be the case

for the Ca** ATPase in which cholate-mediated lipid substitution
techniques were employed (62).

However, Banerjee et al. (5) were

able to partially purify the Ca** ATPase by extraction with octyl
glucoside at high salt concentrations.
Octyl glucoside appears to be one of the most promising tools
for protein solubilization.

Baron and Thompson (6 ) found that this

detergent could solubilize more bacterial membrane proteins than
Triton X-100 or Brij 36-T while not affecting enzymatic activity.
The detergent was more easily dialyzed than Triton X-100.

The re

sults of the present study have shown that octyl glucoside alone or
with sodium cholate, extracted large amounts of membrane protein
(Table 3).
Earlier attempts (13,19) as well as the present study have failed
to solubilize CL-synthetase.

Solubilization of the enzyme has been

complicated by the failure to discover a detergent that solubilizes
the enzyme in an active form.

The small increase in specific activity

and significant decrease in total units observed in detergent-extracted
membranes (Table 1) suggests that CL-synthetase may have been solu
bilized by Triton X-100 but not in an active form.
Disruption of important lipid-protein interactions by detergent
may require lipid reconstitution of the detergent solubilized CLsynthetase.

Among the methods of lipid reconstitution available are;

removal of detergent by dialysis, detergent dilution, sonification,
and sonification with freeze-thaw (72).

All of these methods involve

the replacement of detergent with phospholipids such that enzymatic
activity is regained.

Attempts to reconstitute CL-synthetase by any
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of the above mentioned methods would be the next logical step towards
the purification of CL-synthetase.
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Chapter V.
Summary

Cardiolipin synthetase from Bacillus stearothermophilus has been
characterized in two membrane preparations: 1,) a washed membrane
preparation in which about 30% of the total membrane protein was removed
and 2.) a Triton X-100~extracted membrane preparation in which 66% of
the total membrane protein has been removed.
Cardiolipin synthetase activity in washed membranes was assayed by
the conversion of

PG to j^^^P-^CL. The characteristics of CL-

synthetase from washed membranes
1.)

as follows:

The optimal pH and temperature were 5.5 and 55°C respectively.

CL-synthetase activity below pH 5.0 decreased rapidly.
below 55°C also decreased rapidly.

Enzyme activity

Both curves were broad indicating

that CL-synthetase was stable over a wide range of temperatures and pH.
2.)

CL-synthetase from washed membranes was not stimulated by

divalent cations nor was it inhibited by EDTA.
3.)

CL-synthetase was inhibited in the presence of concentrations

of Triton X-100 of 0.1% or greater.

At concentrations of 0.15% or

greater, enzymatic activity decreased by 80%.
A rapid assay system was developed which monitored the release of
|2-^H-J glycerol into the supernatant of a 10% TCA precipitation.

It was

found that the amount of [^2-^H-^ glycerol released was equivalent to the
amount êf CL formed.
Attempts to solubilize CL-synthetase with detergents such as octyl
58
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glucoside, sodium cholate, zwittergent 3-14, and Triton X-100 were
unsuccessful.

However, sequential extractions of washed membranes with

0.05% and 0.10% Triton X-100 yielded an enzyme preparation that contained
34% of the original membrane protein and showed a 1.22 fold increase in
specific activity.

The characteristics of the detergent extraced

membrane preparation were different than the washed membrane preparation.
1.)

The optimal pH and temperature were 6.0 and 60°C respectively.

The peaks and the curves for these characteristics were different than
those of the washed membrane preparation.

The data suggest that the

Triton X-100-extracted membrane preparation was more susceptible to pH
and temperature.
2.)

Enzymatic activity was stimulated in the presence of Ca"^,

and Mg"^ whereas the enzyme was inhibited by EDTA.

Enzymatic

activity decreased in the presence of ATP, CTP, GTP, and UTP.

These

data suggest a divalent cation requirement by the enzyme.
3.)

Enzymatic activity was linear until 50 nmoles of PG were

added at which point |[^H-^glycerol release plateaued.
10r 4 M.

The K^n was 6.67 x

When a time course was performed, 70% of the [^H-^glycerol

released over a 20 minute incubation period was released within the
first 10 minutes of incubation.
4.)

The addition of various phospholipids to the enzyme assay

mixture had different effects on enzymatic activity.

In the presence

of added PE, enzyme activity was lowered at low concentrations of PE but
enzymatic activity increased with higher concentrations fo PE.

CL-

synthetase was strongly inhibited in the presence of added CL suggesting
product inhibition.

With the addition of total phospholipid from
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Bacillus stearothermophilus, enzyme activity was strongly enhaced sugges
ting a lipid requirement.
5.)

The inability to solubilize CL-synthetase and stimulation of

the enzyme in the presence of total phospholipid suggest a specific lipid
requirement.

Disruption of the protein-lipid interactions in the membrane

may account for the failure to solubilize CL-synthetase to date.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Literature Cited

1. Ames, B.N. (1966) Assay of inorganic phosphate, total phosphate,
and phosphatases. Meth. Enzymol.
115-117
2. Awasthi, Y.C., T.F. Chuang, T.W. Keenan, and F.L. Crane (1971)
Tightly bound cardiolipin in cytochrome oxidase.
Biochim. Biophys.
Acta 226:42-52
3. Balesta, J.P.G. and M. Schaechter (1971) Effect of shift down
and growth inhibition on phospholipid metabolism of Escherichia coli.
4. Balesta, J.P.G., C.L. de Garcia, and M Schaechter (1971) Turnover
of phosphatidylglycerol in Escherichia coli. J. Bacteriol. 116:210-214
5. Banerjee, R . , M. Epstein, M. Kangrosh, P. Zimniak, and E. Racket
(1979) A new method of preparing Ca'H'-ATPase from sarcoplasmic
reticulum: Extraction with octyl glucoside. Memb. Biochem.
283-296
6 . Baron, C . , and T.E. Thompson (1975) Solubilization of bacterial
membrane proteins using alkyl glucosides and dioctyl phosphatidyl
choline.
Biochim. Biophys. Acta 382:276-285
7. Bell, R.M. (1975) Mutants of Escherichia coli defective in membrane
phospholipid synthesis. Properties of wild type and
defective
sn-glycero-3-phosphatidic acyltransferase activities. J. Biol. Chem.
250:7147-7152
8 . Bell, R.M., R.D. Mairs, M.J. Osborn, and P.R. Vagelos (1971)
Enzymes of phospholipid metabolism: localization in the cytoplasmic and
outer membrane of the cell envelope of Escherichia coli and Salmonella
typhimurium. Biochim. Biophys. Acta 249;628-635
9. Block, K . , and D. Vance (1977) Control mechanisms in the synthesis
of saturated fatty acids. Ann. Review Biochem. 46:263-298
10. Brierly, G.P., A. Merola, and S. Fleischer (1962) Studies of the
electron-transfer system XLIX. Sites of phospholipid involvement in
the electron-transfer chain. Biochim. Biophys. Acta 64:213
11. Eright-Gaertner, E . , and P. Ptoulx (1972) Metabolism of phosphoglycerides in Escherichia coli during growth at 37°C and during a
cold-induced lag phase.
Biochim. Biophys. Acta 270:40-49
12. Burnstein, C . , R.G. Morris, and Z. Rucker (1970) Effects of
phospholipase C on the two sides of the inner m^tochondral membrane.
Fed. Proc. 29 :605
61
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

62
13. Burritt, M.F. and T.O. Henderson (1975) Properties of a membranebound cardiolipin synthetase from Lactobacillus plantarum. J. Bacteriol.
123:972-977
14. Capaldi, R.A. (1977)
with Lipids R.A. Capaldi,

in Membrane Proteins and Their Interactions
ed. Marcel Dekker, Inc. N.Y., Chpt. 3

15. Card, G.L. (1973) Metabolism of phosphatidylglycerol, phosphatidylethanolamine, and cardiolipin of Bacillus stearothermophilus. J. Bacteriol.
114:1125-1137
16. Card, G.L., J.C. Szuba, and M. Shimizu (1979) Protein-associated
lipid of Bacillus stearothermophilus. J. Bacteriol. 140:220-228
17. Carter, J. (1968) Cytidine triphosphate; phosphatidic acid
cytidyltransferase in Escherichia coli.J. Lipl Res. Sk748-754
18. Chang, Y. and E.P. Kennedy (1967)
Biosynthesis of phosphatidyl
glycerophosphate in Escherichia coli. J. Lip. Res.
447-455
19. Chang, Y.,and E.P. Kennedy (1967)
phosphatase. J. Lip. Res. 8^456-462

Phosphatidyl glycerophosphate

20. Cleveland, R.F., L. Daneo-Moore, A.J. Wickum, and G.D. Schockman
(1976) Effect of lipoteichoic acid and lipids on lysis of intact cells
of Streptococcus faecalis. J.Bacteriol. 127:1582-1584
21. Coleman, R. (1973) Membrane bound enzymes and membrane ultra
structure.
Biochim. Biophys. Acta 300 ;1-30
22. Cronan, I.E., Jr., and E.P. Gelroan (1975) Physical properties
of membrane lipids: biological relevance and regulation. Bacteriol.
Rev.
232-256
23. Cronan, J.E., Jr., and P.R. Vagelos (1972) Metabolism and function
of the membrane phospholipids of Escherichia coli. Biochim. Biophys.
Acta 265:25-60
24. Dawson, R.M.C, (1968) in Biological Membranes :Physical Fact and
Functions. ed. R. Chapman, Academic Press, London, p. 203
25. Dawson, R.M. C. (1973) in Form and Function of Phospholipids, 2nd
ed. G.B. Ansell, R.M.C. Dawson, and J.N. Hawthorne eds., Elsevien, Am
sterdam.
Chap. 5
26. Dehlinger, P.J., F.C. Jost and O.H. Griffith (1974) Lipid binding
to the amphipathic membrane protein cytochrome b g . Proc. Nat'l. Acad.
Sci. (USA) 71:2280-2284

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

63
27. DeSiervo, A.J., and M.R.J. Salton (1971) Biosynthesis of cardio
lipin in the membranes of Micrococcus lysodeikticus. Biochim. Biophys.
Acta 239:280-292
28. Dowhan, W . , W.T. Wickner, and E.P. Kennedy (1974) Purification
and properties of phosphatidylserine decarboxylase from Escherichia
coli. J. Biol. Chem. 249:3079-3084
29. Dutt, A. and W. Dowhan (1977) Intracellular distribution of
enzymes of phospholipid metabolism in several Gram negative bacteria.
J. Bacteriol. 132:159-165
30. Emdur, L.I. and T.H. Chiu (1974) Turnover of phosphatidylglycerol
in Streptococcus sanguis. Biochem. Biophys. Res. Comm. 59:1137-1143
31. Finnerty, W.R. and R.A. Makula (1975)
Crit. Rev. Microbiol. 4jl-40

Microbial lipid metabolism.

32. Fleischer, S., G.P. Brierly, H. Klouwen, and D.B. Slutterback
(1962)
Studies of the electron transfer system. The role of phospho
lipids in electron transfer. J. Biol. Chem. 237:3264
33. Fourcans, B. and M.K. Jain (1974) in Advances in Lipid Research, vol.12
R. Paoletti and D. Krotchevsky eds.. Academic Press, N.Y.
34. Fry, M. and D.E. Green (1980) Cardiolipin requirement by cyto
chrome oxidase and the catalytic role of phospholipid. Biochem.
Biophys. Res. Comm. 93:1238-1246
35. Glaser, L. and A. Loewy. (1979) Control of teichoic acid synthesis
during phosphate limitation. J. Bacteriol. 137:327-331
36. Glaser, L. and B. Lindsey (1974) The synthesis of lipoteichoic
acid carrier.
Biochem. Biophys. Res. Comm. 5 9 :1131-1136
37. Goldfine, H. (1972) Comparative aspects of bacterial lipids.
Adv. Microb. Physiol. 8jl-58
38. Green, D.E. and A. Tzagoloff (1966) Role of lipids in the structure
and function of biological membranes. J. Lipid Res. 7^:587-602
39. Higahi, Y . , and J.L. Strominger (1970) Biosynthesis of the
peptidoglycan of bacterial cell walls XX. Identification of phosphatidyl
glycerol and cardiolipin as cofactor for isoprenoid alcohol phosphokinase
J. Biol. Chem. 245:3691-3696
40. Hirabayashi, T., T.J. Larson, and W. Dowhan (1976) Membraneassociated phosphatidylglycerophosphate synthetase from Escherichia
coli: purification by substitute affinity chromatography on cytidine5-diphospho-l,2-diacyl-sn-glycerol sepharose.
Biochem. 15 :5205-5211

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

64
41. Hirschberg, C.B. and E.P. Kennedy (1972) Mechanism of the
enzymatic synthesis of cardiolipin in Escherichia coli. Proc. Nat'l.
Acad. Sci. (USA) 69:648-651
42. Huesgen, A. and G. Gerisch (1975) Solubiization of contact sites
A from cell membranes of Dictyostelium discoidium. FEBS Lett. 56:46-49
43. Huff, E . , R.M. Cole, and T.S. Theodore (1974) Lipoteichoic acid
localization in mesosomal vesicles of Staphylococcus aureus. J. Bacter
iol. 120:273-281
44. Joseph, R. and G.D. Shockman (1975) Cellular localization of
lipoteichoic acid in Streptococcus faecalis.
J. Bacteriol. 122:13751386
45. Jost, P.C., O.H. Griffith, R.A. Capaldi, and G Vanderkooi (1973)
Evidence for boundary lipid in membranes. Proc. Nat’l. Acad. Sci. (USA)
70:480-484
46. Jost, P.C., O.H. Griffith, R.A. Capaldi, and G. Vanderkooi (1973)
Identification and extent of fluid bilayer regions in membrane cytochrome
oxidase.
Biochim. Biophys. Acta 311:141-152
47. Jost, P.C., K.K. Nadakavukaren, and O.H. Griffith. (1977)
Phosphatidylcholine exchange between the boundary lipid and bilayer
domains in cytochrome oxidase containing membranes.
Biochemistry
16:3110-3114
48. Kanfer, J. and E.P. Kennedy (1963) Metabolism and function of
bacterial lipids. I. Metabolism of phospholipids in Escherichia coli.
J.Biol. Chem. 238:2919-2922
49. Kanfer, J. and E.P. Kennedy (1964) Metabolism and function of
bacterial lipids. II. Biosynthesis of phospholipids in Escherichia coli.
J. Biol. Chem. 239:1720-1726
50. Kennedy, E.P. (1963) The metabolism and function of complex
lipids.
Harvey Lect. 57^^143-171
51. Kennedy, E.P., M.K. Rumley, H. Schulman, and L.M.H. van Golde
(1976) Identification of sn-glycero-1-phosphate and phosphenthanolamine
residues linked to the membrane-derived oligosaccharides of Escherichia
coll. J. Biol. Chem. 251:4208-4213
52. Kito, M . , S. Aibara, K. Hasegawa, and T. Hata (1972) Inhibition of
L-glycero-3-phosphate acyltransferase from Escherichia coli by
c

i

s

-

9

,1 0 -methylenehexadecanoic acid.

J. Biochem.

(Tokyo) 71:99-105

53. Lambert, P.A., I.C. Hancock, and J. Baddiley (1977) Occurence and
function of membrane teichoic acids.
Biochim.Biophys. Acta 4 7 2 :1-12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

65
54. Larson, T.G., T. Hirabayashi, and W. Dowhan (1976) Phosphatidylglycerol biosynthesis in Bacillus lichenformis: resolution of membranebound enzymes by affinity chromatography on cytidine diphospho-sndisocylglycerol sepharose.
Biochem. 15:974-979
55. Larson, T.J. and W. Dowhan (1976) Ribosomal associated phosphatidylserine synthetase from Escherichia coli: purification by substrate
specific elution from phosphocellulose using cytidine-5’-diphospho1 ,2-diacyl-sn-glycerol.
Biochem. 15:5212-5218
56. Lee, A.G. (1975) Functional properties of biological membranes;
A physical-chemical approach. Prog. Biophys. Mol. Biol. 29:5-56
57. Lenaz, G. (1973)
in Membrane Structure and Mechanisms of Biological
Energy Transduction, ed. J. Avery, London Plennum Press, London, p. 455
58. Lenaz, G. (1973)
associated activities.

The role of lipids in the regulation of membrane
Acta Vitaminol. Enzymol. 27:67-95

59. Lin, E.C.C. (1974) The barrier function of the Gram negative
envelope.
Ann. NY. Acad. Sci. 235:109-129
60. Lowrey, O.H., N.J. Rosebrough, A.L. Farr, and R.J. Randall (1951)
Protein measurement with the folin-phenol reagent. J. Biol. Chem.
193:265-275
61. Lusk, H.E. and E.P. Kennedy (1972) Altered phospholipid metabolism
in a sodium-sensitive mutant of Escherichia coli. J.Bacteriol. 109:10341046
62. MacLennon, D.H., P. Seegman, G.H, lies and C.C. Yip (1971)
Membrane formation by the adenosine triphosphatase of sarcoplasmic
reticulum. J. Biol. Chem. 246 :2702-2710
63. McCaman,.. R.E. and W.R. Finnerty (1968) Biosynthesis of cytidine
diphosphate-diglyceride by a particulate fraction from Micrococcus
cerificans. J. Biol. Chem. 243:5074-5080
64. Metcalf, J.C., J.P. Bennett, T.R. Hesketh, M.D. Houslay, G. A.
Smith, and G,B. Warren (1976) The Structural Basis of Membrane Function
Y. Hatefi, and L. Djavadi-Ohaniace, eds.. Academic Press, N.Y.
65. Nishijima, M . , C.E. Bulawa, and C.R.H. Raetz (1981) Two interacting
mutations causing 'temperature sensitive phosphatidylglycerol synthesis
in Escherichia coli membranes. J. Bacterial. 145:113-121
6 6 . Ohki, M. (1972) Correlation between metabolism of phosphatidyl
glycerol and membrane synthesis in Escherichia coli. J. Mol. Biol.
6^^249-264
67. Okuyama, H . , K. Yamada, H. Ikezawa, and S.J. Wakil (1976) Factors
affecting the acyl selectivities of acyl-tranasferases in Escherichia
c o l i .
J. Biol. Chem. 251:2487-2492
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

66
6 8 . Okuyama, H., K. Yamada, Y. Kanezama, H. Ikizawa, Y. Akumatsu, and
S. Nujima.
(1977) Reguatlon of membrane lipid synthesis in Escherichia
coli offer shifts in temperature.
Biochem. 16:2668-2673
69. O'Sullivan, W. J . and D.D. Perrin (1964) The stability constants
of metal-adenine nucleotide complexes.
Biochem. _3:18-26
70. Patterson, P.H., and W.H. Lennarz (1971) Studies on the membranes
of Bacilli: phospholipid biosynthesis.
J. Biol. Chem. 246:1062-1072
71. Pizer, L.I., and J.P. Merlie (1973) Effect of serine hydroxyamate
on phospholipid synthesis in Escherichia coli. J. Bacteriol. 114:980987
72. Packer, E . , B. Violand, S. O'Neal, M Alfoza, and J. Telford (1979)
Reconstitution,a
of biochemical research; some new approaches to
membrane bound enzymes. Arch. Biochem. Biophys. 198:470-477
73. Raetz, C.R.H. (1978) Enzymology, genetics and regulation of
membrane phospholipid synthesis in Escherichia coli. Microbiol. Rev.
42:614-659
74. Raetz, C.R.H., and E.P. Kennedy (1972) The association of phosphatidylserine synthetase with ribosomes in extracts of Escherichia coli.
J. Biol. Chem. 247:2008-2014
75.
Raetz, C.R.H., and E.P. Kennedy
(1973)Function of cytidine
diphosphate-diglyceride by a particulate fraction from Micrococcus
cerificans. J. Biol. Chem. 243:5074-5080
76.
Raetz, C.R.H., and E.P. Kennedy(1974)
Partial purification and
properties of phosphatidylserine synthetase from Escherichia coli.
J. Biol. Chem. 249:5038-5045
77. Rampini, C . , E. Barbu, and J. Polonovski (1978) Métabolisme du
diphosphatidyl-glycerol d'2- coli K-12 apre's 1'arret, par incubation en
milieu sans source d'energie du développement des bactéries,
C.R. Acad.
Sci. 270:882-885
78. Richardson, S.H., H.G. Hultin, and D.E. Green (1963) Structural
proteins of membrane systems. Proc. Nat'l. Acad. Sci. (USA) 50:821-827
79.
Riley, W.D. and E.E. Snell (1968) Histidine decarboxylase of
Lactobacillus 30a. IV. The presence of covalently bound pyruvate as the
prosthetic group,
Biochem. 2-3520-3528
80. Robinson, N.C. (1979) Complete delipidation of beef heart cytochrome
oxidase by Triton X-100. Fed. Proc. 38:577
81.
Rothfield, L. and D. Romeo (1971) in Structure and Function of
Biological Membranes. L. Rothfield ,e d ., Academic Press,N.Y . , pp 251-284

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

67
82. Rothman, J.E. and E.P. Kennedy (1977) Asymmetrical distribution
of phospholipids in the membrane of Bacillus megaterium. J. Mol. Biol.
110:603-618
83. Rowe, J.J., I.D. Goldberg, and R.E. Amelumxen (1975) Development
of defined and minimal medium for the growth of Bacillus stearothermophilus. J. Bacteriol. 124:279-284
84.
Sandermann, H. (1974) The reactivation of Cg^-isoprenoid-alcoholphosphokinase apoprotein by lipids: Evidence for lipid hydration in
lipoprotein function. Eur. J. Biochem. 43:415-422
85.
Sandermann, H. (1976) Interfacial regulation: Influence of lipid
polar group conformation on lipid activation of Cgg-isoprenoid alcohol
phosphokinase apoprotein.
FEBS Lett. 63:59-61
86. Sandermann, H. (1978) Regulation of membrane enzymes by lipids.
Biochim. Biophys. Acta 515:209-237
87. Satre, M. and E.P. Kennedy (1978) Identification of bound pyruvate
essential for the activity of phosphatidylserine decarboxylase of
Escherichia coli. J. Biol. Chem. 253:479-483
88. Santiago, E . , N. Lopez-Maratallo, and J.L. Segorric (1973)
Correlation between losses of mitochondrial ATPase activity and cardiolipin
degradation.
Biochem. Biophys. Res. Comm. 53:439-445
89. Schulman, H. and E.P. Kennedy (1977) Identification of UDP-glucose
as an intermediate in the biosynthesis of the membrane-derived oligo
saccharides of Escherichia coli. J. Biol. Chem. 252:6299-6303
90. Schulman, H. and E.P. Kennedy (1977) Relation of turnover of membrane
phospholipids to synthesis of membrane-derived oligosaccharides of
Escherichia coli. J. Biol. Chem. 252:4250-4255
91. Short, S.A. and B.C. White (1972) Biosynthesis of cardiolipin from
phosphatidylglycerol in Staphylococcus aureus. J. Bacteriol. 109:820-826
92.
Sinensky, M. (1971) Temperature control of phospholipid biosynthesis
in Escherichia coli. J. Bacteriol. 106:449-455
93.
Singer, S.J., and G.L. Nicolson (1972) The fluid mosaic model of
the structure of cell membranes.
Science 175:720—731
94. Snider, M.D., and E.P. Kennedy (1977) Partial purification of
glycerophosphate acyltransferase from Escherichia coli. J. Bacteriol.
130:1072-1083
95. Stanacev, N.Z., Y.Y. Chang, and E.P. Kennedy (1967) Biosynthesis
of cardiolipin in Escherichia coli. J. Biol. Chem. 242:3018-3019

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

68

96. Tanford, C. (1973) The Hydrophobic Effect; Formation of Micelles
and Biological Membranes. J. Wiley and Sons, N.Y.
97. Tanford, C. and J.A. Reynolds (1976) Characterization of membrane
proteins in detergent solutions. Biochim- Biophys. Acta 452:133-170
98. Trauble, H. and P. Overath (1973) The structure of Escherichia coll
membranes studied by fluoresence measurements of lipid phase transition,
Biochim. Biophys. Acta. 307:491-512
99. Trizzle, D.J. (1970) in Recent Progress in Surface Science. J.F.
Danielli, A.C.Riddeford, and M.D. Rosenburg, eds., vol. 3 , Academic Press,
N.Y., pp. 273-290
100. Tzagaloff, A. and D.H. MacLennon (1965) Studies on electrontransfer system. LXIV.
Role of phospholipid in cytochrome oxidase.
Biochim. Biophys. Acta 99:476-485
101. van dem Bosch, H . , and P.R. Vagelos (1970) Fatty acyl-CoA and fatty
acyl carrier protein as acyl donors in the synthesis of lysophosphatidate
and phosphatidate in Escherichia coli. Biochim. Biophys. Acta 218:233-248
102. van Golde, L..M.G., H. Schulman, and E.P. Kennedy (1973) Metabolism
of membrane phospholipids and its relation to a novel class of oligosacch
arides in Escherichia coli. Proc. N at’l. Acad. Sci. (USA) 70:1368-1372
103. Mastrovsky, V.E. and E.Y. Kostetsky (1968) Modified spray for the
detection of phospholipids on thin layer chromatography. J. Lipid Res.

1:396
104. Volpe, J.J., and P.R. Vagelos (1976) Mechanisms and regulation of
biosynthesis of saturated fatty acids. Physiol. Rev. 56:339-417
105. Warner, T.G. and E.A. Dennis (1975) Action of the highly purified,
membrane bound enzyme phosphatidylserine decarboxylase of Escherichia
coli toward phosphatidylserine in mixed micelles and erythrocyte ghosts
in the presence of surfactant. J. Biol. Chem. 250:8004-8009
106. Warner, T.G., and E.A. Dennis (1975) Phosphatidylserine decarboxy
lase: Analysis of its action towards unsaturated and saturated phosphatidyl
serine and the effect of Triton X-100 on activity. Arch Biochem. Biophys.
167:761-768
107. White, D.A., T.A. Albr ght, W.J. Lennarz, and C.A. Schaitman
(1971) Distribution of phospholipid synthesizing enzymes in the wall
and membrane subfractions of the envelope of Escherichia coli. Biochim.
Biophys. Acta. 249:636-642
108- Wicker, A.J., and K.W. Knox (1970) Studies on the group-F antigen
of lactobacilli: Isolation of a teichoic acid-lipid complex from
Lactobacillus fermenti NCTC 6991. J. Gen. Microbiol. 60:293-301

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

